Communicated by M . C. E v a n s , A review of the reactions of the N H 2 radicals is given.
Introduction
In view of th e complex character of th e therm al decomposition of hydrazine described in the preceding paper, it was desirable to carry out some analogous investigations which m ight be expected to elucidate still further the previously discussed topics. The study of the pyrolysis of benzylamine provided such an opportunity. I t made it possible to investigate further the fate of the N H 2 radicals and th eir reactions w ith toluene. Moreover, this stu d y furnishes the d a ta for a calculation on a new basis of the heat of form ation of the N H 2 radical and the dissociation energy of the first N -H bond in ammonia. The good agreem ent w ith the values reported in th e previous paper leads to an increased measure of confidence in these results.
E xperimental
The apparatus used in the present work was identical w ith th a t described in the previous communication. The only difference in the technique, as compared w ith th a t employed in the case of hydrazine, was in the m ethod of estim ation of the quantities of benzylamine introduced into the system. This was done by direct weighing of the benzylamine reservoir before and after individual experiments. I t was noted th a t benzylamine exposed to air behaved abnorm ally during the sub sequent pyrolysis. To avoid this difficulty the commercial benzylamine was distilled in vacuo before use, th e middle portion being collected directly into the reservoir. The la tter consisted of a small glass bulb provided w ith a solid key ta p and a ground joint. A fter collecting the required fraction the ta p on the receiver was closed before the pumping was interrupted, thus keeping the distilled benzylamine free from air. During an experiment the reservoir was attached to the apparatus by means of the ground joint and the solid key tap was opened only after the evacuation of the connexions. At the end of each experiment the bulb was immersed in an acetone-solid C0 2 bath, and the solid key tap was closed after the residual benzylamine vapour had been condensed back into the reservoir. Thus it was possible to weigh the reservoir without contaminating its contents with air.
Ammonia and dibenzyl, in molar ratio of 1:1, were the main products of the thermal decomposition of benzylamine in the presence of excess of toluene vapour. Other products of the decomposition consisted of small quantities of permanent gases, their amounts being about 20 % of the amount of ammonia produced. I t was shown th at the permanent gas contained mainly H 2 (about 70 %).
The toluene recovered from the pyrolysis was tested occasionally for the presence of hydrazine. This was done by shaking it with water, and running the aqueous layer into a solution of H I0 3 which contained some starch. In the presence of hydrazine, H I0 3 is reduced to I 2 and the latter would manifest itself by the appear ance of the blue colour, with starch. All the tests proved to be negative showing the absence of hydrazine in the decomposition products. The results are summarized in table 1; the last column of which gives the quan tities of dibenzyl actually isolated, expressed as a percentage of the yields of dibenzyl calculated from the measured amounts of ammonia, adopting the am m onia: di benzyl ratio as 1:1. Assuming that each mole of ammonia formed corresponds to 1 mole of benzylamine decomposed one finds that in the kinetics of the decom position of this compound a first-order law obtains. This was established by a fourfold variation of both the partial pressure of benzylamine and the time of contact (see table 1 and figure 1). Moreover, packing of the reaction vessel, which increased the surface by a factor of about 2\, proved that the investigated process was a homo geneous gas reaction (see figure 1 ). The plot of log against 1 over a temperature range of about 140° (from 925 up to 1070° K) is given in figure 1 , and from this we estimated the activation energy of the decomposition as 59 ± 4 kcal./mole and the frequency factor as 6 x 1012sec.-1.
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D iscussion
It is beyond doubt that the weakest bond in benzylamine is the C-N bond and, therefore, the initial decomposition step should be dissociation into benzyl and NH2 r8idic8»ls C6H5. c h 2 . n h 2 -> c6h 5 . CH2. + NH2..
In an excess of toluene the NH2 radicals would be rapidly removed from the system by the reaction C6H5. CH3 + NH2. C6H 5. CH2. + NH3.
The benzyl radicals thus formed would dimerize giving dibenzyl. This proposed mechanism demands the formation of 1 mole of dibenzyl for each mole of ammonia produced, and the results tabulated in table 1 are in agreement with this conclusion.
Reaction (1) is the rate-determining step of the overall process, hence, the kinetics of the formation of ammonia should reveal the characteristics of a unimolecular, homogeneous gas reaction. This conclusion is borne out by the experimental results. The formation of ammonia was found to be a homogeneous, first-order process; moreover, the experimental frequency factor is of the order of the theoretically predicted frequency factor for unimolecular reactions (Polanyi & Wigner 1928) . We conclude, therefore, th at the observed activation energy of 59 ± 4 kcal./mole is th at of reaction (1).
The dissociation energies
Making the usual assumption of zero activation energy for the recombination of radicals one can conclude th at the observed activation energy of 59 ± 4 kcal./mole represents the dissociation energy of the C-N bond in benzylamine. Two observa tions, one reported by Hurd & Carnham (1930) and the other communicated privately by Dr E. W arhurst & Mr B. Gowenlock, indicate th a t the dissociation energy of the bond in question must be quite considerable.
According to Hurd & Carnham the heating of benzylamine for several hours in a sealed tube at 300° C caused no decomposition whatever, and moreover this com pound remained almost unchanged when heated for 54 sec. at 535° C. I t may be deduced from these results th at the dissociation energy of the C-N bond in benzyl amine should be greater than 53kcal./mole.
Some preliminary unpublished results of W arhurst & Gowenlock suggest a still higher value for the dissociation energy of this bond. These workers pyrolyzed benzylamine using a technique similar to th at described by Butler & Polanyi (1943) . The extent of the decomposition was measured by the amount of ammonia formed, the latter being estimated by Nessler's reagent. The experiments carried out with N2 as a carrier gas at 490 and 530° C, using a time of contact of about 0*5 sec., resulted in only slight decomposition of the order 0*1 %. Thus it was concluded by the above authors th at the dissociation energy of the C-N bond in benzylamine must be greater than 57 kcal./mole.
Knowing the dissociation energy of the bond in question we are able to calculate the heat of formation of the NH 2 radical using in addition the heat of formation of benzylamine in gaseous state and the heat of formation of the benzyl radical. The latter value is known to be 37-5 kcal./mole from the estimated dissociation energy of the C-H bond in toluene (Szwarc 1948) in conjunction with the relevant thermochemical data, namely the heat of formation of toluene and the dissociation energy of H 2. Unfortunately, there is no recently measured value for the heat of combustion of benzylamine. The best value seems to be th at of Petit (1889) which was chosen by Kharash in his compilation (1929) . The heat of vaporization of benzylamine is not available from the literature but by analogy with other amines a value of 11 kcal./ mole has been taken for this quantity. Thus one derives the heat of formation of gaseous benzylamine as 14 kcal./mole.
We are now in a position to calculate the heat of formation of the NH 2 radical, using the above data, and the value of 35-5 kcal./mole thus obtained is in good agreement with th at derived in the foregoing paper (41 kcal./mole). I t should be noted th a t the first value involves an error of about 5 kcal./mole, neglecting the uncertainty involved in the heat of formation of benzylamine, whilst the second is uncertain within 2 kcal./mole.
Similar calculations enable us to find the dissociation energy of the C-N bond in methylamine. The heat of formation of the methyl radical is 31 kcal./mole, cal culated on the basis of 101 kcal./mole as the dissociation energy of the first C-H bond in methane. Taking the heat of formation of the N H 2 radical as 41 kcal./mole we calculate the dissociation energy of the C-N bond in methylamine as 77 kcal./mole (using the heat of combustion of gaseous methylamine as estimated by Thomsen 1905), or as 81 kcal./mole (using the heat of combustion determined by Muller 1910). I t is most unfortunate, th a t there are no recent data for the heats of formation of various amines.
The fair agreement between the two values of AJ3^(NH2) as reported in the pre ceding and the present paper provides additional confirmation for the suggested value of D(NH2-H) = 104 +2 kcal./mole. I t is desirable, therefore, to review the evidence contributed by other workers to the problem of the dissociation energy of the first N-H bond in ammonia.
The pre-dissociation spectrum of NH 3 observed in the region of 2300A by Bonhoeffer & Farkas (1928) indicates th a t the D(NH2-H) must be less than 124 kcal./mole (BonhoefFer & Harteck 1933) . The results of the Hg photo-sensitized decomposition of N H 3 and ND3 obtained by Melville (1935) lead this author to the conclusion th at mercury XPX atoms are quenched by NH3 to 3P X state, and the collision between the latter atoms and N H 3 causes it to dissociate into an H atom and an NH 2 radical. In this case the upper limit for jD(NH2-H) is brought down to 112 kcal./mole, ignoring the possible formation of HgH. Terenin & Neujmin (1935) investigated the photo decomposition of NH 3 caused by the Schumann ultra-violet radiation. The decomposition was accompanied by the appearance of the emission band ascribed by these authors to the excited NH 2 radicals. The overall process was assumed to be The observed energy threshold was 172kcal. (1650A), and the observed excitation energy was 55 kcal./mole. Thus it was concluded th a t D(NH2-H) is less than 117 kcal./mole.
Further information about the value of D(NH2-H) could be furnished by the estimation of the activation energies of E a and E b of th Dixon (1932) as about 8*5 kcal./mole. This result is based on the collision yield of the reaction between H atoms and ammonia. I t seems th a t roughly the same value should be ascribed to E b, as the reaction between NH 2 radicals and hydrogen does not take place a t room temperature (e.g. Birse & Melville 1940 
The difference E a -Eb = Z>(NH2-H) -D(H-H). E a was estimated by
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The fate of the NH 2 radicals The absence of hydrazine in the products of the pyrolysis of benzylamine in dicates clearly that under the conditions imposed in the above experiments the mutual recombination of the NH2 radicals does not take place. However, the forma tion of hydrazine by the dimerization of the N H 2 radicals was observed by several workers, and we shall shortly review their results. Bredig, Koenig & Wagner (1929) reported th at hydrazine was formed as a result of an electric discharge through ammonia. The yield of hydrazine increased with the velocity of the NH3 stream flowing through the discharge tube. Later experiments of Koenig & Brings (1931) revealed th at the yield could be increased up to 94 % by cooling the flowing system to -80° C. This dependence of the yield of hydrazine formation on the rate of flow and the temperature seems to indicate th at the NH2 radicals were removed from the discharge tube and subsequently dimerized, most probably on the cooled walls.
The formation of hydrazine in the photo-decomposition of ammonia in a flow system was observed by Gedye & Rideal (1932) , who noticed also a very marked increase in the yield of hydrazine when lowering the temperature.
The formation of hydrazine in the photo-decomposition of ammonia in a static system was found beyond doubt only by Weldge & Beckman (1936) . These workers noticed th at the permanent gases produced by the photo-decomposition of NH3 contained more than 75 % of H 2 provided the percentage of decomposition was kept very low. They interpreted this as a result of the formation of N2H 4, and proved the correctness of their assumption by detecting minute quantities of N2H 4 adsorbed on the walls of the reaction vessel. However, the accumulation of N2H 4 was prevented by its decomposition in the course of the reaction, and, therefore, the percentage of H 2 in the products was decreasing to 75 % as the percentage of the total decom position was increasing. This decomposition of hydrazine was the generally accepted explanation for its absence in the products of the photo-decomposition of NH 3 in a static system.
There is a second way of interaction between the NH 2 radicals, namely NH 2 + NHo h* N2 + 2H2.
It was stated by Gedye & Rideal (1932) th at the role this reaction plays in the process of consumption of the N H 2 radicals increases rapidly with rise in temperature. Wiig & Kistiakowsky (1932) deduced th at reaction (3) cannot occur as a homo geneous gas reaction. Nevertheless, it seems very plausible th at this reaction can occur as a heterogeneous reaction taking place on the walls of the reaction vessel. The adsorption of the NH 2 radicals on the surface of silica was demonstrated by Wiig (1935) who found th at the quantum yield of the photo-decomposition of ammonia decreased rapidly for very small pressures of NH3. This effect is due to the diffusion of the N H 2 radicals to the walls, their subsequent adsorption on the silica surface, and finally their recombination with the H atoms. These observations were later confirmed by the investigation of the influence of the size of the reaction vessel on the quantum yield (Wiig 1937). Birse & Melville (1940) developed an elegant technique (rotating sector) which allowed them to study the behaviour of the NH2 radicals. They proved that the NH2 radicals h,ave a very long lifetime, being able to survive on the walls of the reaction vessel for a period as long as 70 sec., and found that the decay proceeds according to equation (3). It should be emphasized that this reaction is quite different from the heterogeneous decomposition of hydrazine which leads to the formation of NH3, N2 and smaller quantities of H 2. Thus the 'normal' N2H4 molecule is not an inter mediate in reaction (3). It may be, however, that a 'h o t' molecule of hydrazine is formed prior to its decomposition according to equation (3). At sufficient low temperatures the rate of the transfer of energy from this ' hot ' molecule to the wall is great enough to stabilize it before the decomposition takes place. Thus one can explain the formation of increasing quantities of hydrazine when the temperature is lowered.
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: h h i There are two mechanisms by which reaction (3) can proceed. One is based on the transition state I, whilst the other assumes the transition state II. The latter is analogous to the transition state B, postulated for the heterogeneous decomposition of hydrazine (see the preceding paper). There is no direct information that allows discrimination between these two possibilities. I am, however, inclined to favour the transition state II by comparison with the results obtained by Melville, Bolland & Roxbrough (1937) in their investigation of the PH 2 radicals. These workers had shown that the decomposition of the equimolecular mixture of PH 3 and PD3 pro duced H 2, HD and D2. Further, they proved that the mechanism of formation of HD did not involve H or D atoms. Thus the reaction must include the process PH 2 + PD2 -> P 2 + 2HD.
Although these results proved the occurrence of the transition state II, the above authors did not exclude the possibility of the reaction P H2 + P D2 -» P2 + H 2 + D2 proceeding via transition state I. However, if the latter step is to be included in the mechanism of the reaction, then the quantity of HD produced should be smaller than that expected for the equilibrium mixture of H2 -HD -D2; although the above authors explicitly stated that the H2 -HD -D2 equilibrium was completely established.
In the light of all these observations it is not surprising that hydrazine was not detected under the experimental conditions of the present investigation. On the other hand, it could be argued that the small quantities of the permanent gases, formed during the pyrolysis of benzylamine, resulted from the decomposition of the NH2 radicals as previously discussed. However, this assumption would require th a t an increase in the quantity of the permanent gases formed should result from the packing of the reaction vessel which contradicts the actual observations. I t was ascertained by special experiments th at ammonia is not decomposed in the temperature range used in this study. These results excluded the possibility of producing the permanent gases by the decomposition of NH 3. There is no satis factory explanation th at can be offered for the process of formation of the permanent gases. In any case it represents only a minor side-reaction, and it does not change the calculated activation energy, as the percentage of these gases in the products remained practically constant for all temperatures. In consequence I have not attem pted to investigate further this phenomenon.
